Restriction-site associated DNA sequencing (RAD-seq) and related methods are revolutionizing the field of population genomics in non-model organisms as they allow generating an unprecedented number of single nucleotide polymorphisms (SNPs) even when no genomic information is available. Yet, RAD-seq data analyses rely on assumptions on nature and number of nucleotide variants present in a single locus, the choice of which may lead to an under-or overestimated number of SNPs and/or to incorrectly called genotypes.
Introduction
Inferring the degree of genetic exchange between populations of marine fish species is key to successfully managing exploited populations, allowing the identification of conservation units, assignment of individuals to geographic regions, and detection of product mislabeling and fraud (Dichmont et al. 2012; Funk et al. 2012; Nielsen et al. 2012 ). Yet, many exploited marine fish are characterized by little intraspecific genetic structuring even over large geographical distances (Bradbury et al. 2008; Ward et al. 1994) challenging the resolution of populations and the assignment of individuals. Increasingly, the resolution of genetic differentiation is possible with a large number of genome wide polymorphic markers (Benestan et al. 2015; Lamichhaney et al. 2012; Narum et al. 2013) , which not only allow inference of neutral population structure, but can also provide information on local adaptation or speciation events (Allendorf et al. 2010) . Recently, advances in sequencing technologies have allowed generating large numbers of molecular markers at an unprecedented cost and speed, even for organisms for which no genomic information was previously available. The most popular of these methods combine restriction enzyme digestion of the genome with high throughput sequencing, and they are particularly relevant for non-model organisms as they allow discovering and genotyping thousands of single nucleotide polymorphisms (SNPs) in
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hundreds of individuals rapidly and at low cost regardless of size of genome and prior genomic knowledge (Baird et al. 2008; Davey et al. 2011) . Consequently, restriction site associated DNA sequencing (RAD-seq) and related approaches are increasingly used to identify and genotype genome-wide markers in non-model marine species to directly inform conservation and management efforts (e.g. Corander et al. 2013; Hess et al. 2013; Larson et al. 2014; Puebla et al. 2014 ).
Several approaches have been developed to identify and genotype SNPs from RAD-seq derived sequences, such as Stacks (Catchen et al. 2013; Catchen et al. 2011) , pyRAD (Eaton 2014) , rainbow (Chong et al. 2012) and RADtools (Baxter et al. 2011) , among others. Most of them rely on merging reads given arbitrary maximum nucleotide distances to identifying putative orthologous loci from which genotypes of each individual for each identified SNP are determined. For example, when no reference genome is available, Stacks relies on two main mismatch parameters: M defines the maximum number of mismatches allowed between reads within the same individual to form an individual locus, and n defines the maximum number of mismatches allowed between loci of different individuals to form a catalog locus, where the catalog includes all individuals used in the analysis. In the absence of a reference genome, selecting the optimal values of M and n is impossible, as they depend upon the degree of polymorphism of the genome (and particular regions of the genome) being analyzed, the degree of paralogy within the genome, the amount of sequencing error and the depth of the sequencing performed (Catchen et al. 2013; Mastretta-Yanes et al. 2014 ). Yet, allowing a too small number of mismatches can lead to an overestimation of the number of loci (over-splitting), whereas allowing a too large number of mismatches may underestimate the number of loci (under-splitting). The effect of under-or overestimating the number of loci has been assessed on the number of incorrectly merged reads (Catchen et al. 2013) , genotyping error rate (Mastretta-Yanes et al. 2014 ) and population structure (Puebla et al. 2014; Ravinet et al. 2016) . Over-splitting may reduce genetic distances among individuals or between populations if they are characterized divergent alleles and previous analysis suggests in comparison the under-splitting, over-splitting seems to have the potential for greater impact on estimates of population structure (Harvey et al. 2015) .
The Atlantic mackerel (Scomber scombrus L.) is a commercially important migratory pelagic fish that forms large shoals that can reach millions of individuals (Lockwood 1988) . This species has traditionally been grouped in five spawning components (two in the Northwest
This article is protected by copyright. All rights reserved. and three in the Northeast Atlantic) that migrate north during the feeding season (Trenkel et al. 2014) . Inferring the degree of mixing between spawning components of Altantic mackerel is crucial to define management units and will, moreover, help assignment of the population of origin of the mackerel fishery recently established in Iceland, where no significant amounts were fished before (Hannesson 2013) . Tagging experiments have demonstrated high dispersal rates (Lockwood 1988; Uriarte & Lucio 2001) suggesting considerable levels of potential gene flow among populations; yet, no mackerel tagged in the Northeast Atlantic has been recaptured in the western Atlantic (Tenningen et al. 2011) , and population genetic analyses based on mitochondrial markers suggest limited trans-Atlantic gene flow. Within each side of the Atlantic, the separation among spawning components is less clear (Jansen & Gislason 2013) . Within the Mediterranean, Zardoya et al. (2004) , using the mitochondrial control region, showed differentiation between the Eastern and Western Mediterranean populations, the latter mixing with southern Northeast Atlantic mackerel. In sum, none of these studies produced conclusive results on the population structure of Atlantic mackerel, probably because they were based on one or a few markers. Yet, existing genetic resources for this species are limited to mitochondrial DNA (Nesbo et al. 2000; Zardoya et al. 2004) and microsatellite markers (Olafsdottir et al. 2012) , which have largely been unsuccessful in resolving spatial structure.
Here we generate a novel RAD-seq derived SNP dataset for Atlantic mackerel to provide a description of the population structure in this commercially important and spatially expanding species, and to explore the sensitivity of inferences of spatial population structuring to both, sequence clustering parameters, that is, mismatch thresholds to select orthologous loci, and hierarchical SNP selection, that is, including from less to more distant individuals to identify SNPs. For that aim, we have generated RAD sequencing data of 122 Atlantic mackerel individuals that span the three geographic areas where this species inhabits: the Northwest Atlantic, the Northeast Atlantic, and the Mediterranean Sea, and of 15 individuals of a closely related species, the Atlantic chub mackerel (Scomber colias). We have examined (i) how parameter choice during RAD-seq data analysis influences the number of SNPs identified (i.e. over-splitting or under-splitting) and the spatial structure observed and (ii) how the analysis is influenced by hierarchical SNP selection, ranging from adjacent populations to the inclusion of a different species. Our study resolves the global population structure of Atlantic mackerel and provides insights into the effects of alternative RAD-seq data analysis strategies on population structure inferences. Our conclusions are
This article is protected by copyright. All rights reserved. directly applicable to RAD-seq based population structure analyses of other species with low intraspecific genetic differentiation. We predict that the likelihood of over-splitting impacting the resolution of population structure will increase with the level of divergence among populations (or other groups) compared. We would therefore expect to see the impact of over-splitting (i.e. increases in F IS and reductions in F ST or detectable population structure) at high levels of stringency and perhaps at even moderate stringency in the multiple species analysis. The inclusion of hierarchical levels of structure within the dataset considered here offers unprecedented opportunity to explore the impact of stringency on both levels of diversity, and population structure detected. 
Materials and Methods

Tissue sampling
DNA extraction and RAD-seq library preparation
Genomic DNA was extracted from about 20 mg of muscle tissue using the Wizard® Genomic DNA Purification kit (Promega, WI, USA) following manufacturer's instructions for "Isolating Genomic DNA from Tissue Culture Cells and Animal Tissue". Extracted DNA was suspended in Milli-Q water and concentration was determined with the Quant-iT dsDNA HS assay kit using a Qubit® 2.0 Fluorometer (Life Technologies). DNA integrity was assessed by electrophoresis, migrating about 100 ng of GelRed™-stained DNA on an agarose 1.0% gel. Restriction-site-associated DNA libraries were prepared following the methods of Etter et al. (2011) . Briefly, starting DNA (ranging from 500 to 750ng, depending on integrity) was digested with the SbfI restriction enzyme and ligated to modified Illumina P1 adapters
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This article is protected by copyright. All rights reserved. containing 5bp unique barcodes. Pools of 33 individuals were sheared using the Covaris® M220 Focused-ultrasonicator™ Instrument (Life Technologies) and size selected to 300-500 bp by cutting agarose migrated DNA. After Illumina P2 adaptor ligation, each library was amplified using 14 PCR cycles. Each pool was paired-end sequenced (100 bp) on an Illumina HiSeq2000.
RAD-tag data analysis
Generated RAD-tags were analyzed using Stacks version 0.9999 (Catchen et al. 2013 Quality filtering and demultiplexing was performed with the process_radtags module with default parameters. Only individuals with a > 900,000 retained reads were kept. Putative orthologous tags (stacks) per individual were assembled using ustacks with a minimum depth of coverage required to create a stack (m) of 5 and a maximum nucleotide mismatches (M) allowed between stacks of 2 or 4. Catalogs of loci were assembled based on three nested subsets of individuals (all samples of both species, only S. scombrus or only Mediterranean S. scombrus) using cstacks; the number of mismatches allowed between sample tags when generating the catalog (n) was 3 or 6. Matches of individual RAD loci to the catalog were searched using sstacks. From each generated catalog (using all, only S. scombrus or only Mediterranean S. scombrus samples), SNPs present in RAD loci found in at least 75% of the individuals under study (all, only S. scombrus or only Mediterranean S. scombrus) were selected and exported into PLINK format using populations. Using PLINK version 1.07 (Purcell et al. 2007 ), SNPs with a minimum allele frequency (MAF) smaller than 0.05, a genotyping rate smaller than 0.01 and which failed the Hardy Weinberg equilibrium (HWE) test at p < 0.05 in at least two populations were excluded for further analyses. Each genotype dataset was exported to Structure, Bayescan and Genepop formats using PGDSpider version 2.0.5.2 (Lischer & Excoffier 2012) . In total, 24 genotype subsets where created including 6 catalog/SNP selection combinations and 4 stacks parameter (M=2 or 4 and n=3 or 6) combinations.
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Genetic diversity and population genetic analyses
F IS per population and F ST per pair of populations were calculated on each genotype dataset following the Weir & Cockerham (1984) formulation as implemented in Genpop 4.3 (Rousset 2008) . F ST outliers were identified using Bayescan with default parameters and a false discovery rate of 0.05 (Foll & Gaggiotti 2008) . Principal component analyses (PCA) were performed with the R package adegenet (Jombart & Ahmed 2011) without any a priori population definition. Differences among pairs of groups within the PCA where quantified as the average size of group 1 and group 2 divided by the size of the ellipse including individuals from groups 1 and 2. For each genotype dataset, 10 subdatasets of 5,000 randomly chosen SNPs were created and analyzed with the Bayesian clustering approach implemented in STRUCTURE (Pritchard et al. 2000) . For each value of K (number of potential ancestral populations, which ranged from 1 to the number of presumed populations + 1), the genetic ancestry of each individual was estimated based on the admixture model without any prior population assignment; estimations were obtained from the 300,000
iterations that followed a burn-in period of 100,000 iterations. The 10 subdatasets obtained for each value of K were analyzed with CLUMPP (Jakobsson & Rosenberg 2007 ) to identify common modes, and results were plotted using DISTRUCT (Rosenberg 2004) . Best K was identified according to the Evanno method (Evanno et al. 2005) 
as implemented in
StructureHarvester (Earl & vonHoldt 2012) .
Results
RAD-tag processing and SNP discovery and genotyping
The number of quality filtered RAD tags obtained per individual ranges from 909,095 to 11,804,229 with an average of 2,922,343 (Fig. 2) . Nearly 98% of the reads (ranging from 92% to 99% per individual) where used for stack formation. The mean depth coverage is 50x.
Expectedly, the number of RAD loci obtained with increasing the mismatch parameter (M) decreases, as more stacks can be merged into a single locus. The average number of RAD loci per individual, which is not proportional to the number of quality filtered reads, is 56,464 (M=2) or 55,118 (M=4) in S. scombrus and 60,620 (M=2) or 58,723 (M=4) in S. colias (Fig.   2 ). The number of RAD loci in the catalog that occur in at least 75% of the individuals ranges
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This article is protected by copyright. All rights reserved. from 23,146 to 32,581 depending on the combination of i) individuals used to create the catalog, ii) individuals used to select loci and filter SNPs and iii) values used for parameters M and n (Fig. 3) . Expectedly, number of RAD loci present in at least 75% of the individuals increases when increasing the number of individuals used to select them. Although decreasing the number of RAD loci per individual and in the overall catalog, increasing M from 2 to 4 increases the number of RAD loci (and consequently SNPs) present in at least 75% of the individuals, due to the fact that more common loci can be found when these are composed of more different alleles than when alleles of the same loci are spread into different loci. Increasing n from 3 to 6 reduces number of loci, both in the overall catalog and when the only the RAD tags present in at least 75% of the individuals are selected; this is due to the fact that smaller values of n make more stacks be split into different RAD loci and lager values of n make more stacks be merged into the same RAD loci.
The number of SNPs selected after the filtering steps ranges from 6,688 to 29,394 depending on the combination of i) individuals used to create the catalog, ii) individuals used to select loci and filter SNPs and iii) values used for parameters M and n (Fig. 3) . Including S. colias for loci selection and SNP filtering produces a larger amount of SNPs even though the number of RAD loci is not so large. Interestingly, even when using the same individuals for catalog building and SNP selection, the number of SNPs obtained with each parameter combination is drastically different, being the number of SNPs obtained with M=4 almost twice the number of SNPs obtained with M=2. Whether this drastic difference in the number of SNPs has an effect on population structure inferences will be explored in the next sections.
Effect of stacks parameters and samples considered at each step on estimated F IS and F ST
We evaluated the combined effect of samples used to create the catalog, samples used to select the SNPs, M and n parameters on two measures reflecting slightly different processes: the inbreeding coefficient of each population reflecting deviations from HWE, F IS , and the level of population differentiation calculated per pair of populations, F ST . The range of F IS and F ST values is large and shows some degree of correlation with the use of certain combination of samples and parameters (Fig. 4 , Tables S1 and S2). In general, M=4 produces higher F IS than M=2 whereas the opposite effect is observed for F ST . This may be due to higher values of M erroneously merging non-orthologous stacks, which increases deviations
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Yet, when it comes to outlier loci detection, some differences among the different SNP selection procedures are observed. M=4 and n=3 produce more outliers than M=2 and n=6 respectively, which is in line with the behavior observed for F IS. Concerning individuals used for catalog building, no outliers are identified in any of the Mediterranean only datasets, whereas similar outlier SNPs subsets are obtained when using all individuals or only S. scombrus individuals to construct the S. scombrus dataset (Table S3) .
Effect of stacks parameters and samples considered at each step on inferred population structure of Atlantic mackerel
Principal Component Analyses (PCA) performed on each dataset including all S. scombrus individuals reveal three main genetically differentiable groups: the Canadian samples, the Bay of Biscay samples and the Mediterranean samples. Within the latter, an additional distinction can be made between a group composed by the Western Mediterranean and Tyrrhenian samples and a group composed by the Adriatic samples; this separation can also be observed when only the Mediterranean S. scombrus individuals are considered (Fig. 5) .
Interestingly, the use of different subsets of individuals for catalog building and SNP selection does not alter the pattern observed as virtually the same image is obtained whatever the combination of samples is used for catalog building for either, a final analysis with all S.
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scombrus samples or with only the Mediterranean S. scombrus samples. Although M=2 seems to provide an increased differentiation with respect to M=4 within the Mediterranean samples, quantitative measures of the differences among groups do not show clear trends on which parameter combination gives the highest or lowest differentiation among groups (Fig.   S1 ). Again, regardless of the individuals used for the analysis or parameter combinations chosen, the relative differences among pairs of groups remain, suggesting that individual selection and parameter combinations should not affect interpretations of population structure inferences (Table S4 ).
The Bayesian clustering approach to infer the genetic ancestry of each individual is consistent whichever the combination of parameters of individuals used for catalog building or SNP selection is used (Fig. 6) . Interestingly, using the same n value (between individual distance) for catalogs built from different sample subsets or different n values for the same catalog provide the same result, meaning that, although this parameter should be selected according to the expected evolutionary distance among the individuals used to build the catalog (Catchen et al. 2011) , its effect is minor compared to the effect of the M (within individual distance) parameter. Yet, differences among the Mediterranean samples can only be appreciated with M=2 when only the Mediterranean individuals are included and are more clear with M=2 than with M=4 when all S. scombrus individuals are included. Thus, unlike interpretations based on F ST and PCA based population structure inferences, interpretations based on structure plots can be affected by individual selection and parameter choice for SNP discovery and genotyping based in RAD-sequencing data. Indeed, performing a Structure analysis based on SNPs selected including S. colias individuals results in a nondifferentiation among the S. scombrus individuals and the same effect is observed when SNPs to be included in the analysis are not filtered for MAF (not shown). Although these are extreme cases that imply considering a different species that diverged about 10 Mya (Miya et al. 2013) in the analysis or including thousands of monomorphic SNPs, they are good illustrations on how biased individual and SNP selection for analysis can affect population structure inferences based on thousands of markers.
Discussion
RAD-seq data produces a robust population structure inference of Atlantic mackerel
The use of hundreds or thousands of genome-wide polymorphic markers increases resolution in population structure inferences, allowing the detection of intraspecific genetic differentiation where single or a few marker based inferences fail. The advent of RAD-seq and related approaches for high-throughput SNP discovery and genotyping has revolutionized the particularly challenging field of demographic inferences of marine fish species (Benestan et al. 2015; Hemmer-Hansen et al. 2014; Pujolar et al. 2014 Ocean and supports the Adriatic samples being differentiated from the Western Mediterranean samples (Zardoya et al. 2004) , although subtly (average F ST =0.0033). Once the overall picture of mackerel population structure settled, the resources produced in this study will now allow tackling the population structure of this species at a more local level; in particular, deciphering the genetic differentiation among the spawning components within each inferred subpopulation, the Northwest Atlantic, the Northeast Atlantic and the Mediterranean Sea, will be determinant for achieving a sustainable fisheries management for this species.
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RAD-seq data analysis strategy affects number and nature of SNPs selected for population structure inferences
The number of obtained RAD loci per individual indicates that the S. scombrus and S. colias genomes have an estimated number of SbfI restriction sites of about 28,000 and 30,000 respectively, suggesting a slightly larger number of SbfI cut sites in the genome of S. colias.
These numbers, as well as the number of RAD loci that occur in the majority of individuals, are similar to those found in other fish species such as sticklebacks , cichlids (Wagner et al. 2013) or hamlets (Puebla et al. 2014) , which further confirms that, for fish species, this enzyme is suitable to discover a high number of polymorphic markers with high coverage by sequencing about one million reads per individual. Yet, despite the homogeneous number of RAD loci obtained between other studies and our own, and among the different parameters used for read merging within our study, the number of SNPs inferred highly varies depending on certain conditions. For example, taking only the S. scombrus samples into account, the number of SNPs obtained with a lower value of M is about half (average of 7,500 SNPs) of that obtained with a higher value of M (average of 14,000 SNPs).
Additionally, using S. colias for catalog building and SNP selection results in a significantly higher number of SNPs (ranging from 14,708 to 29,394 depending on the combination of M and n parameters used), which is explained by the fact that numerous fixed positions in S.
scombrus are considered SNPs (MAF>0.05) when an alternative base is found in S. colias and vice versa. Interestingly, these differences do not substantially change the main population structure conclusions derived from F ST , PCA and Structure based inferences, being the three main Atlantic Mackerel populations (Northwest Atlantic, Northeast Atlantic and Mediterranean) clearly differentiated in all three analyses types for all combinations of parameters and individuals used for catalog building and SNP selection tested. Yet, Structure analyses are the most affected by the choice of M value, with inferences based on M=2 more clearly distinguishing the Adriatic samples from to the other Mediterranean samples than inferences based on M=4. This was unexpected and counter to our predictions as previous work suggests over-splitting may reduce the number of alleles and separate population specific divergent alleles reducing detectable population structure (Harvey et al. 2015) . As already suggested by the higher values obtained for F IS , it is possible that the under-splitting caused by use of M=4 produces some erroneously called genotypes and thus more SNPs deviating from HWE, and Structure is likely more sensitive to deviations from HWE assumption than the PCA (Pritchard et al. 2000) . However, when both species are included in
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This article is protected by copyright. All rights reserved. the analysis, there is evidence that over-splitting may reduce the resolution of population structure. Analysis of the population structure within S. scombrus samples using the SNPs selected based on the whole dataset, i. e., including S. colias, results in a non-differentiation among populations, probably due to the presence of nucleotide positions that would otherwise have failed the MAF or HWE filters. Additionally, SNPs identified as outliers are different depending on the parameter combination used to identify orthologous loci, which is expected given the differences in the total number of SNPs identified by each approach. This suggests that, although overall structure is robust to alternative analysis procedures because obtained from the main signal in the data, inferences based on specific markers should be validated using alternative approaches such as genotyping in additional samples of same origin.
Conclusions
Our study shows RAD-seq as a powerful approach to detect population structure in a highly migratory pelagic fish such as the Atlantic mackerel. We have applied alternative RAD data processing approaches combining different mismatch parameters for read merging for orthologous loci inference, different samples for loci catalog building and different samples for SNP filtering, and have analyzed the resulting datasets using alternative population differentiation inference methods (F ST , PCA and Structure). Although the main conclusions are robust to the different RAD data processing approaches and inference methods, we pinpoint substantial outcome differences resultant from the use of alternative analysis strategies that may affect derived biological interpretations. Interestingly, we observe impacts of both under-and over-splitting of loci on observable population structure, the nature of which seems associated hierarchical SNP selection and the inclusion of a closely related species. As such it seems impossible to conclude that either under-or over-splitting is preferred when attempting to reduce influences on resolvable population structure and the optimal choice will be dataset dependent. The analysis procedures described here and comparisons therein are directly applicable to population genetic inferences of other species based on RAD-seq data and to the various assembly and genotyping tools using for analyzing RADseq data.
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indicates Scomber colias individuals. Remaining individuals are S. scomber from Canada (CAN), Bay of Biscay (BOB), Adriatic Sea (ADR), Tyrrhenian Sea (TYR) and Western Mediterranean Sea (WME). 
